We attempted to determine whether shortage of dietary threonine enhances the accumulation of intramuscular fat (IMF) in porcine muscle. Although dietary low levels of lysine enhanced the concentration of IMF in the longissimus dorsi and rhomboideus muscles, dietary low threonine did not. We conclude that the effect of dietary threonine levels on the accumulation of IMF in porcine muscle is negligible.
Pork with a high content of intramuscular fat (IMF), pork with marbling, has received attention as goodquality pork. In the case of humans, obesity and type 2 diabetes mellitus are associated with elevated muscle triglycerides contents. 1) Hence, mechanisms to regulate content of IMF and of muscle triglycerides should be thoroughly investigated in terms of quality of farm animal product and human health. We have been conducting a series of experiments on nutritional regulation of IMF in porcine muscle and have found that a shortage of a single amino acid lysine in the diet enhanced the IMF contents of longissimus dorsi muscle of pigs. [2] [3] [4] Since a reduction in dietary protein also enhanced the IMF contents of porcine muscle, [5] [6] [7] this effect of shortage of lysine allowed us to hypothesize that shortages of other indispensable amino acids enhance IMF contents in porcine muscle.
Threonine is an indispensable amino acid and one of major limiting amino acids in pig diets. Feeding a lowthreonine diet to growing pigs enhanced the abundance of the mRNA of glucose transporter protein 4 (GLUT4) in the skeletal muscle. 8) Enhancement of the abundance of the mRNA of GLUT4 in the skeletal muscle was also observed in pigs fed a low-lysine diet. 9) Hence, porcine skeletal muscle might respond similarly to a shortage of dietary lysine or threonine. To our knowledge, there has been only one study on the effects of a shortage of dietary threonine on the IMF contents of longissimus dorsi muscle in pigs. In that study in which where a diet threonine level approximately 8% lower than requirements was given to pigs (70-110 kg) over 50 d, the shortage of dietary threonine resulted in lower IMF content of longissimus dorsi muscle. 10) This result is contrary to our hypothesis and, indeed, it is difficult to interpret. The aim of the present study was to determine whether a shortage of dietary threonine enhances the IMF contents of porcine skeletal muscle. The effect of shortage of dietary lysine was re-evaluated as positive control.
All experimental procedures were carried out in accordance with the Regulations on Animal Experiments of the NARO Institute of Livestock and Grassland Science (NILGS), and were approved by the Animal Experiment Committee. Four litters of Duroc Â (Large white Â Landrace) crossbred pigs aged 10 weeks were used. Based on body weights, 12 barrows were selected from three litters (four barrows from each litter) while four gilts were selected from a litter. The average initial body weight was 35.9 kg. Litter mates were assigned to one of four groups: lysine control (LC), low lysine (LL), threonine control (TC), and low threonine (LT). The compositions of the diets are shown in Table 1 . We designed the LL and the LT diets to show concentrations of lysine and threonine at approximately 70% of the requirements in the Japanese Feeding Standard for Swine.
11) The concentrations of other indispensable amino acids in the LL and the LT diets were designed to meet these requirements, while the two control diets were designed to supply all indispensable amino acids, including lysine and threonine. Pigs assigned to the LL group were fed the LL (6.0) diet for the first 3 weeks and the LL (5.0) diet for the next 5 weeks. In a same way, pigs assigned to the LT group were fed the LT (4.0) diet for the first 3 weeks and the LT (3.0) diet for the next 5 weeks. This reduction in the concentration of amino acids 3 weeks after the beginning of the experiment was made because requirements of pigs decrease as they grow. Pigs assigned to the control groups were fed the control diet throughout the 8-week experiment period. The pigs were kept individually and were allowed access to the diets ad libitum.
At the end of experiment, the pigs were killed at 13:00 hours in an abattoir of NILGS by electrical stunning, followed by exsanguination. Samples of serum were obtained and were stored at À40 C until analysis of the concentrations of insulin and glucose. Immediately after killing, samples of longissimus dorsi muscle 20 cm in length were taken from the mid-region of the muscle of right body half. Samples of intact rhomboidues muscles were taken from the right body half. The muscle samples were kept at 4 C overnight and then minced. The concentrations of IMF of the longissimus dorsi and rhomboideus muscles were measured as crude fat by a method described elsewhere.
12) The concentrations of y To whom correspondence should be addressed. Tel: +81-29-838-8656; Fax: +81-29-838-8606; E-mail: masaya@affrc.go.jp Abbreviations: IMF, intramuscular fat; LC, lysine control; LL, low lysine; TC, threonine control; LT, low threonine serum insulin (ELISA Kit, Shibayagi, Gunma, Japan) and glucose (Glucose Test Wako, Wako Pure Chemical Industries, Osaka, Japan) were determined using commercial kits. The results are presented as least square means and pooled standard errors. The concentrations of protein for the LC and the LL diets were slightly low, but moderate for the pigs used in the present study, while those of the TC and the LT diets were definitely low. The statistical significance of the effects of a shortage of lysine or threonine were assessed by two-way analysis of variance for a randomized-block design, where litter was block and the dietary protein and amino acid levels were the main effects, by the GLM procedure of Statistical Analysis Systems version 9.1.3. When the main effects were significant, differences among the least-square means were evaluated by the least significant difference method with the LSMEANS statement of the GLM procedure of Statistical Analysis Systems version 9.1.3. Differences with probabilities of <0:05 were considered significant.
The magnitudes of shortage of lysine and threonine were large enough to reduce both live body weight gain and feed efficiency (Table 2; p < 0:01). The pigs of the LL and the LT groups suffered shortages of lysine and threonine, respectively. The main findings of the present study are that although the shortage of lysine enhanced the concentrations of IMF in the longissimus dorsi and rhomboideus muscles (Table 3 ; p < 0:05), the shortage of threonine did not affect them. Indeed, the interaction between dietary protein levels and dietary amino acid levels for the concentrations of IMF in longissimus dorsi muscle was significant (p < 0:01). Further, an interaction for concentrations of IMF in the rhomboideus muscle tended to occur (p ¼ 0:0509). Since the shortage of lysine in the diets the protein levels of which were as low as that of the TC and the LT diets clearly enhanced the accumulation of IMF in the porcine muscle, 2,4) we interpret these interactions as statistical evidence that a shortage of lysine enhances the accumulation of IMF whereas a shortage of threonine does not affect it in porcine muscle. Values are expressed as least square means and pooled standard errors (n ¼ 4). a Effects of dietary protein levels. b Effects of dietary amino acid levels. c Live body weight gain/feed intake ÃÃ p < 0:01; Ã p < 0:05 Least square means in a row without a common superscript letter differ at p < 0:05.
The results of the present study, then, failed to confirm our hypothesis that in addition to lysine, a shortage of threonine enhances the IMF contents in porcine muscle. We infer that at least in comparison with dietary lysine, the effect of dietary threonine levels on the concentration of IMF in porcine muscle is negligible. This calls for a new hypothesis to the effect that the magnitude of the effects of shortages of amino acids on the accumulation of IMF are different among amino acids.
Some amino acids have anti-obesity effects. Dietary arginine supplementation and adding leucine to drinking water reduced body fat accumulation in both genetically obese and diet-induced obese rodents. [13] [14] [15] Similar antiobesity effects were observed for lysine. The Dietary lysine supplementation reduced the accumulation of body fat in rats by promoting the oxidation of fatty acids, and inhibiting fatty acid synthesis.
16) The shortage of lysine can result in reduced oxidation of fatty acids, and thus promote fat accumulation. Indeed, dietary threonine also exhibited anti-obesity effects, but they were smaller than those of lysine.
16) The differential effects on the accumulation of IMF of shortages of lysine and threonine can be partly explained by the differences in the intensities of the effects of these amino acids on fatty acid metabolism.
The effects of the shortage of dietary lysine and of threonine on the concentrations of serum insulin tended to be significant (Table 2 ; p ¼ 0:079). The average of the concentrations of the LC and the TC groups was 1.52 (ng/mL) while those of the LL and the LT groups were 0.85 (ng/mL). In particular, the average concentration of the LL group was as low as 40% of that of the LC group. Indeed, the shortage of both protein and lysine reduced the circulating levels of insulin in the pigs. [17] [18] [19] [20] Lower concentrations of serum insulin due to lysine might be attributable to a function of lysine: it stimulates secretion of insulin. 21) As far as we know, there has been no report on the influence of threonine on the circulating levels of insulin in animals. Another result is that the concentrations of serum glucose were not affected by dietary amino acid levels. This suggests that the response of the peripheral tissues to insulin might have been larger in the dietary amino acid shortage groups. Protein deprivation enhanced insulin signaling in the liver and muscles of rats. 22, 23) Since lipogenesis occurs downstream of insulin signaling, higher concentrations of IMF in the muscles might be attributable to enhanced insulin signaling, but whether a relatively mild shortage of dietary amino acid such as those examined in this study can induce upregulation of insulin signaling remains unknown. Therefore, further studies to elucidate the influence of lysine on insulin signaling, particularly in porcine muscle, are necessary. Investigation of the differences in effects of lysine and threonine on insulin signaling is a subject for the future.
In conclusion, at least in comparison with dietary lysine, the effect of dietary threonine levels on the accumulation of IMF in porcine muscle is negligible. The underlying mechanisms of the differential effects on the accumulation of IMF by dietary lysine and threonine levels now must be elucidated. 
